The reflectance spectra of combinations of olivine, orthopyroxene, and iron meteorite metal show systematic variations in spectral properties which can be used to constrain many of the physical and chemical properties of the assemblages. The presence of metal most noticeably affects band area ratios, peak:peak and peak:minimum reflectance ratios, and band widths. 
INTRODUCTION
Remote sensing is one of the most effective means for deriving information about the surface compositions of terrestrial and extraterrestrial targets which are inaccessible to direct sampling. Consequently, it is imperative that the maximum amount of compositional information be derived from such studies. Reflectance spectroscopy is one of the most effective tools in remote sensing, and in order to improve the quality and quantity of information derivable from spectral studies, the spectral reflectance properties of mafic extent, on its chemistry [Watson, 1938 [Dollfus and Zellner, 1979] . Thermal radiometric models of the larger asteroids tend to support the polarimetric results for a comminuted surface [Morrison and Lebofsky, 1979] , and metal-rich surfaces on S-class asteroids [Galley, 1989] King et al., 1984] . The reflectance spectra of three A-class asteroids are best simulated by fine-grained olivine scattered on a toughened metal substrate. Large olivine grains, such as those found in pallasires, do not match the spectral data and must be extensively fragmented to provide the necessary match [Bell et al., 1984a] .
At the temperatures present in the main asteroid belt, kamacite lies in the brittle-ductile transition region and may be subject to brittle deformation during impacts [Zukas, 1969; Auten, 1973; Remo and Johnson, 1975 EXPERIMENTAL PROCEDURE Natural and synthetic materials were used in this study. The olivine (OLV003) was separated from large pale green grains from San Carlos, Arizona. The pyroxenes (PYX032, PYXl17) are from Ekersund, Norway, and an unspecified locality in India, respectively. Powders were obtained from a single, partial crystal in both cases. The metal (MET101) was ground from a fresh, interior sample of the Odessa, Texas, coarse octahedrite [Buchwald, 1975] . Chemical analyses of the samples were acquired at the University of Calgary SEMQ microprobe facility and represent an average of six or more point analyses or area scans (Table   1 ). The ferrous iron values of the silicates were obtained by wet chemistry, and ferric iron was calculated from the difference between total and ferrous iron. For the meteoritic metal, only the kamacite phase, which forms the bulk of the sample [Buchwald, 1975] , was analyzed.
Mafic silicate powders were obtained by crushing in an alumina mortar and pestle. Impurities were removed by a combination of magnetic separation and hand picking. The cleaned samples were repeatedly wet sieved with acetone to ensure well-constrained size fractions. The 0-45 and 45-90 gm size ranges were used in the various mixtures. The metal powder was produced by grinding a portion of an alteration-free piece of the iron meteorite on an emery Values are in weight percent.
grinder, magnetically separated from the grinding wheel contaminants, and repeatedly wet sieved with acetone. A portion of the metal powder was beaten in the mortar to reduce the metal shavings to a more equidimensional habit and wet sieved with acetone to the various size fractions. The 45-90 nm portion of this material was used in the oilvine-metal mixtures. Immediately upon completion of the sieving, the samples were transferred to a dry nitrogen environment for storage. They were briefly removed for incorporation into the mineral mixtures, and returned to the nitrogen environment. In total, the metal powders were exposed to normal atmosphere for a maximum of 5 days. The various mineral mixtures were made on a weight percent basis with an accuracy of _+0.1%. The olivine-metal (OLV003-MET101), and one of the pyroxene-metal mixtures (PYXl17-MET101) were made at 25 wt % intervals, and the other pyroxene-metal mixture (PYX032-MET101) at 50 wt % intervals. In addition, a 30:40:30 mixture of OLV003:PYXll7:MET101, and its metal-free equivalent (OLV003:PYXl17=43:57) were also prepared. The reflectance spectra were acquired at the NASA RELAB spectrometer facility at Brown University, and at the U.S. Geological Survey spectrometer facility in Denver, Colorado. Details of the respective instruments are given by Pleters [1983] and ICing and Ridley [1987] . The samples measured at the RELAB facility (OLV003-MET101 series, OLV003:PYXll7, OLV003:PYXll7:MET101, and the various end-members) were acquired at an incidence angle of 0 ø and an emission angle of 15 ø. The PYX-MET mixtures and end-members were measured at the U.S. Geological Survey facility using an integrating sphere arrangement. All the spectra were measured relative to halon, a near-perfect diffuse reflector in the wavelength region of interest (0.3-2.7 /•m [Weldher and Hsla, 1981]), corrected for minor (-2%) irregularities in haloh's absolute reflectance in the 2-/•m region, as well as for dark current offsets. The reflectance spectra were processed and analyzed using the Gaffey Spectral Processing System, a PC-compatible version of SPECPR [Clark, 1980] . Continuum removal was performed by dividing out a straight-line tangent to the reflectance spectrum on either side of an absorption band. Band centers and band minima were calculated by fitting a quadratic equation to ~10 data points on either side of a visually determined minimum or center.
RESULTS
The various spectra have been divided up into three groups-OLV + MET and end-members, PYX + MET and end-members, and OLV+PYX+MET and OLV+PYX and end-members.
Each group possesses distinct spectral properties which can be used to identify the particular minerals present in the assemblages and to constrain some of their physical and chemical properties.
Oilvine-Metal Mlxtures
Very little spectral data exist for olivine-metal mixtures. Galley [1976] in his comprehensive examination of meteorite spectra did not include pallasires (olivine-metal meteorites) because of the difficulties in sample preparation. Bell et al.
[1984a] measured the reflectance spectra of olivine grains scattered on a roughened metal background and concluded that fine-grained olivine+metal substrate provides the best match to the telescopic data for A-class asteroids, although the overall red slope due to the metal could not be accurately reproduced. Gaffey [1986] Highly comminuted, metal-free pyroxene shows a low band area ratio and may be confused with pyroxene-metal mixtures using this criterion alone. However, the smallest pyroxene fractions show a decrease in the reflectance ratio of the interband peak (1.4/zm maximum) to the local maximum near 0.7 /zm. For fine-grained pyroxenes this ratio is <1.2 versus >1.2 for the PYX-MET spectra. This was found to be the sole criterion for separating these two types of assemblages when absolute reflectance is unknown.
Increasing metal content results in an increasingly red slope being imparted to the PYX-MET spectra. This is a potentially useful criterion except for the fact that pyroxene reflectance ratios are highly variable. Increasing metal content causes the intersection of a horizontal continuum tangent to the 1.4 interband peak with the long-wavelength wing of band II to shift to shorter wavelengths. The addition of metal also tends to reduce most reflectance ratios. The ratio of the band II minimum reflectance to the local 0.7 um peak reflectance The variability in pyroxene spectra is most problematic for particle size determinations, since reflectance ratios are traditionally the most effective means for determining this parameter, assuming absolute reflectance is unknown. Olivine grain size is best determined by the depth or intensity of the [Mason, 1966; Kell, 1968] . The amount of fine-grained metal in chondrites can be extrapolated from the results of Dodd [1976] . The probable abundance of submicron-sized metal in ordinary chondrites is <<1%. It appears that neither carbon nor comminuted metal can alter the spectral signature of an OLV-PYX-MET assemblage enough to produce an ordinary chondrite-like spectrum. The only feasible mechanism is to comminute a substantial portion of the metal to submicron grain sizes. Such a process, if applied to the entire assemblage, would also fragment the silicate grains to such a small size that their absorption bands would probably be indistinguishable. The spectral properties of pure metal from ordinary chondrites have not been determined. However, the reflectance spectra of metal-rich ordinary chondrite separates do not show the red slope characteristic of iron meteorite metal [Guffey, 1986] . Thus the laboratory mafic silicate+metal spectra do not provide a good spectral match to ordinary chondrites.
Plagioclase-pyroxene spectra may mimic many of the features of the ternary mixture spectra. These binary mixtures are largely outside the scope of this study, but an initial examination of available plagioclase-pyroxene spectra suggests that the slope break on the long wavelength wing of band I is confined to wavelengths >1.18 •m.
Clinopyroxene-orthopyroxene-metal spectra may also be confused with those of olivine-orthopyroxene-metal. Enough spectral differences probably exist to distinguish these ternary assemblages. Comparing clinopyroxenes and elivines, the former show reflectance maxima near 0.8 •m, a second absorption band between 2.15 and 2.40 •m, and band minima at wavelengths below 1.06 tzm, compared with reflectance maxima between 0.5 and 0.7 tzm, no band !I, and band I minima at >1.05 tzm in elivines [Adams, 1968 [Adams, , 1974 [Adams, , 1975 Gaffey, 1976 clinopyroxene is also present on Flora, as seems likely because of the lack of an appreciable red slope beyond 2.0 /xm, then the Fs content of the orthopyroxene represents a maximum value. Orthopyroxene+clinopyroxene spectra usually show complex band II absorption features with the band minimum occuring between the two end member values [CloutIs, 1985] . If no clinopyroxene is assumed, and also assuming that the surface assemblage of Flora is an equilibrium mixture, the olivine must be a high-iron variety (Fa=35+10). The olivine composition cannot be independently determined because the band I position, which is the primary method for determining this parameter, was used to constrain the OLV/PYX ratio.
An olivine+pyroxene+metal assemblage corresponding to that derived for Flora was not spectrally characterized. However an additive mixture of 30% 50/50 OLV/MET, 60% 25/75 OLV/MET, and 10% orthopyroxene (PYX117) provides a reasonable match to the low wavelength spectrum of Flora (Figure 12) . Because areal and intimate mixtures are not spectrally equivalent, the data are not directly comparable but do provide a reasonable approximation to an intimate mixture. Orthopyroxene is a more intense absorber than olivine. Thus the 10 % orthopyroxene in the additive mixture is an upper limit since 10% orthopyroxene in an intimate mixture would show even more pronounced absorption features than the additive mixture. The simulated spectrum effectively reproduces the broadness of the absorption feature near 1 and the reflectance drop-off at wavelengths shorter than 0.7 tzm. The simulated spectrum is consistently brighter than Flora at wavelengths greater than 1.1/xm. This discrepancy would be reduced if a smaller grain size metal, which has a less red slope at longer wavelengths than coarser metal, were used [Cloutls et a/., 1990]. A few weight percent of clinopyroxene would also improve the fit at longer wavelengths and in the ultraviolet region. [Gaffey, 1984] .
A 50/40/10 MET/OLV/PYX assemblage does not correspond to any known meteorite. Pallasires are similar in terms of metal:olivine ratios and olivine composition but lack appreciable amounts of pyroxene [Buseck, 1977] . Lodranites are differentiated meteorites composed predominantly of metal, olivine and pyroxene [Nagahara and Ozawa, 1986 ]. The Antarctic lodranite described by Yanal and Koflma [1983] contains an olivine:pyroxene ratio similar to that determined for Flora but is deficient in metal (13.6 wt %), due in part to The reflectance spectrum of Aeternitas bears little superficial resemblance to the 50/50 olivine/metal spectrum. The former has a much more pronounced reflectance drop-off in the ultraviolet, a much higher interband peak:0.7 /zm peak ratio and a flatter slope in the 1.7-2.5 /zm region. None of these factors serve as primary spectral deconvolution parameters but are nevertheless useful for determining whether reflectance spectra represent metal plus a single mafic silicate.
The absolute reflectance spectrum of Aeternitas is brighter than any of the oilvine+metal laboratory spectra (13-26% at 0.56 /•m, Figure 1) . Gaffey et al. [1988] determined an absolute reflectance of 37% at 0.56 ttm, while Veeder et al.
[1983] determined a geometric albedo of 17%. Once again, it should be noted that laboratory reflectance spectra are not directly comparable to telescopic 'spectra [Hapke, 1981] The meteoritic metal used in this study has a redder spectral slope than metal spectra measured by the other investigators cited above. The reflectance spectrum of Aeternitas, as measured by the interband peak:0.7 /am peak, is even redder than the pure metal spectrum. This strongly suggests that an additional phase is present which has a high interband peak:0. There are no known meteorites with mineral abundances and compositions similar to that determined for Aeternitas, but the Eagle Station subgroup of pallasires [Dodd, 1981] are closest in terms of metal:olivine ratio and olivine composition. As was the case for Flora, the pallasites lack the necessary amounts of pyroxene required by spectral considerations.
SUMMARY
Olivine-metal, orthopyroxene-metal, and olivine-orthopyroxene-metal mixtures each possess unique spectral properties. A cursory examination of the reflectance spectrum of an unknown is usually sufficient to identify the spectrally significant minerals present. Various spectral parameters which do not rely on a knowledge of the absolute reflectance can be used to place severe constraints on assemblage properties such as phase abundances, major element chemistries of the mafic silicates, and particle sizes. Each of these properties has important implications for unravelling the history of the target. Each type of assemblage must be deconvolved in a systematic manner to obtain the maximum amount of compositional in- The surface of Aeternitas is interpreted to consist of ~35 wt % metal, -55 wt % olivine, ~7 wt % clinopyroxene, and-3 wt % orthopyroxene. The mafic silicates appear to be more magnesium-rich than those on Flora, although the pyroxene compositions are poorly constrained. The olivine contains 20+_10% Fa, the clinopyroxene is constrained to <17 tool % Fs, and the orthopyroxene is constrained to <45 tool % Fs. A significant amount of the surface materials are fine-grained (<45
•tm sized particles). The spectral differences between Flora and Aeternitas can be attributed to differences in particle sizes of the surface materials, particularly the metal, and to differences in mafic silicate abundances and compositions. On the basis of the derived surface assemblages, neither asteroid is a plausible parent body for the ordinary chondrites, although both asteroids may have affinities to the pallasires and Flora may have a surface assemblage similar to at least one lodranite.
